In this study, we assessed the ability of a highly tumor-selective oncolytic vaccinia virus armed with a yeast cytosine deaminase gene to infect and lyse human and murine ovarian tumors both in vitro and in vivo. The virus vvDD-CD could infect, replicate in and effectively lyse both human and mouse ovarian cancer cells in vitro. In two different treatment schedules involving either murine MOSEC or human A2780 ovarian carcinomatosis models, regional delivery of vvDD-CD selectively targeted tumor cells and ovarian tissue, effectively delaying the development of either tumor or ascites and leading to significant survival advantages. Oncolytic virotherapy using vvDD-CD in combination with the prodrug 5-fluorocytosine conferred an additional long-term survival advantage upon tumor-bearing immunocompetent mice. These findings demonstrate that a tumor-selective oncolytic vaccinia combined with gene-directed enzyme prodrug therapy is a highly effective strategy for treating advanced ovarian cancers in both syngeneic mouse and human xenograft models. Given the biological safety, tumor selectivity and oncolytic potency of this armed oncolytic virus, this dual therapy merits further investigation as a promising new treatment for metastatic ovarian cancer.
Introduction
Ovarian cancer is the second most common gynecological malignancy, afflicting 22 430 women in the United States and 190 000 women worldwide annually. The majority of women present with FIGO stage 3 or 4 disease and approximately 15 280 women will die of the advanced disease in the United States in 2007. 1 Current therapy for advanced ovarian cancer consists of surgical cytoreduction, intraperitoneal chemotherapy and systemic administration of paclitaxel and platinum-containing chemotherapy regimens. 2, 3 Metastatic disease is frequently isolated to the peritoneal cavity; this offers a unique opportunity for localized therapy such as intraperitoneal chemotherapy. Unfortunately, the majority of patients will develop recurrent disease despite aggressive therapy. The prevalence and mortality associated with epithelial ovarian malignancies has led to the development of alternative treatment strategies with the aim to reduce recurrence and improve survival.
Oncolytic viruses and gene therapy have been actively investigated as a new way for treating cancer. [4] [5] [6] [7] [8] Early clinical trials with the oncolytic adenovirus Onyx-015 in human cancer patients have shown that single agent efficacy was relatively limited. However, when combined with cisplatin and 5-fluorouracil (5-FU) chemotherapy, effective antitumoral activity has been demonstrated. 9 A phase III study of oncolytic adenovirus H101 plus cisplatin and 5-FU for the treatment of head and neck squamous cell carcinoma and esophageal cancer showed significant improvements in clinical outcomes; 10 this paved the way for China to approve H101 as the first oncolytic virus in the world for clinical use. Another recent study has shown that a suicide gene-armed oncolytic adenovirus along with 5-fluorocytosine (5-FC) plus gancyclovir prodrug therapy may provide a potential long-term benefit to patients of prostate cancer. 11 Together, these results suggest that combination therapies with oncolytic viruses may prove beneficial to some cancer patients and are worth further investigation.
A few oncolytic viruses have been investigated for the treatment of ovarian cancer in mouse models. The recombinant viruses used in ovarian cancer models have included herpes simplex virus, adenovirus, measles virus, reovirus, vesicular stomatitis virus and sindbis virus. [12] [13] [14] [15] [16] [17] Although some promising results have been obtained in these and the later studies, additional improvements will be required before the clinical promises of such therapies can be realized.
Vaccinia virus (VV) has many attributes that make it an attractive vector for tumor-directed gene therapy and oncolytic virotherapy. [18] [19] [20] [21] Systemic delivery of wild-type and tumor-selective VV in animal models have shown that the highest level of infectious virus is isolated from the tumor and ovary, with little to no viral recovery from other normal organs when a tumor-selective VV was used. [22] [23] [24] [25] We have shown that a number of tumorselective VV can inhibit cancer models after systemic delivery in both nude and immunocompetent mice. [25] [26] [27] Toxicity studies indicate that the highly tumor-selective vvDD is safe in nonhuman primates. 28 Most importantly, preliminary results from phase I/II clinical trials suggest that oncolytic VV are effective in human cancer patients. 8 Taken together, these results encouraged us to further investigate the oncolytic virus vvDD and its derivatives in additional tumor models.
There are multiple ways to enhance the potency of an oncolytic VV. One way is to arm the virus with an immunostimulatory factor such as granulocyte-macrophage colony-stimulating factor. 29 Another method is to arm it with a gene-directed enzyme prodrug therapy (GDEPT). 7, 30, 31 Other investigators have shown that combined virus/prodrug treatment may enhance the replication/spread of oncolytic adenovirus in mouse tumor models. 32, 33 As for VV, we have previously combined tk gene-deleted VV with bacterial CD/5-FC, or purine nucleoside phosphorylase gene and 6-methyl purine deoxyribonucleoside. 34, 35 Even though positive results on tumor regression using these viruses were obtained, complex interactions between the viral oncolytic effect and the enzyme/prodrug effect occurred in the context of oncolytic VV. 36 Among a list of enzyme/ prodrug systems, 30, 31 we selected the yeast CD/5-FC system over other potential GDEPT systems for our new virus used in this study, based on the superior properties of yeast CD/5-FC combination, 37 as well as the extensive experience associated with clinical use of 5-FU in cancer chemotherapy. A major limitation for the use of bacterial CD is that it is inefficient in the conversion of 5-FC into 5-FU. Kievit et al. 37 have shown that the yeast CD has a much higher 5-FC/5-FU conversion rate compared with bacterial CD. In addition to the proven reliability and effectiveness of 5-FU in gastrointestinal cancers, the yeast CD/5-FC system is a compelling choice for ovarian peritoneal tumors because of the excellent diffusibility of the prodrug 5-FC and the likelihood that the tumor has not been previously exposed to the active chemotherapeutic agent 5-FU.
In this study, our aim was to first demonstrate the effectiveness of the highly tumor-selective vvDD-CD, based on the combined results of the oncolytic effects from the virus per se and the chemotherapeutic effect of yeast CD with 5-FC on ovarian cancer cells in vitro. Next, we applied this oncolytic virus and CD/5-FC enzyme/ prodrug system to treat models of early and late ovarian carcinomatosis of both human and mouse origins. We demonstrated for the first time that an oncolytic virus combined with GDEPT worked effectively in ovarian carcinomatosis models, representing the treatment of early and late stage ovarian carcinomatosis.
Materials and methods

Cell culture
Human ovarian cancer cell lines A2780, OVCAR-3 and IGROV-1 were obtained from the American Type Culture Collection (Manassas, VA). Human cells derived from tissue specimens of ovarian cancer patients (HGOP-1-680 and TPO2-738R) were kind gifts from Dr DeLoia at the University of Pittsburgh. The MOSEC cancer cell line (clone ID8) was a kind gift from Dr K Roby of the University of Kansas. 38 Other cell lines such as HeLa, MC38, CV-1 cells and human primary fibroblast cells MRC-5 (ATCC) have been frequently used in our laboratory. All cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated bovine calf serum, 2 mM glutamine and penicillin/streptomycin (100 U ml À1 and 100 mg ml À1 , respectively) in an incubator at 37 1C with 5% CO 2 , and were serially passaged every 3-4 days.
Recombinant VV
The tumor-selective vaccinia, vvDD (or called vvDD-GFP), containing the deletion of dual viral genes encoding thymidine kinase (TK) and vaccinia growth factor (VGF), has been created and characterized previously. 24 To make a vvDD-CD which expresses the fcy1 gene encoding cytosine deaminase from Saccharomyces cerevisiae (GenBank accession no. U55193), 39 the full coding sequence of the gene was amplified from genomic DNA of S. cerevisiae via PCR using pfu DNA polymerase (Stratagene, La Jolla, CA), and the correct gene sequence was confirmed by DNA sequencing. The fcy1 gene was ligated into pCB02311, resulting in pMP-CD, in which the fcy1 gene is driven by the strong synthetic early late promoter for vaccinia. 40 To create the new virus vvDD-CD, CV-1 cells were transfected with the shuttle plasmid pMP-CD, and then infected with virus vSC20 that contains a genetic deletion in the vgf locus. 25 Recombinant VV was subsequently isolated from the cells by mycophenolic acid selection, and the final viral construct was confirmed with DNA sequencing of viral genomic DNA.
Assay for CD enzymatic activity An enzymatic assay for CD activity was performed as described by Hirschowitz et al., 41 with the exception that the incubation time for the enzymatic conversion of 5-FC into 5-FU was shortened from 24 to 0.5 h. The enzymatic activity was determined by spectrometry.
In vitro viral growth assay IGROV-1, OVCAR-3, A2780 and MC38 cells were infected with 200 PFU (multiplicity of infection (MOI)B0.0005) of vvDD-CD in 1 ml of MEM-2.5% fetal calf serum for 2 h at 37 1C. MOSEC cells and normal MRC-5 cells were infected with either vvDD or vvDD-CD at an MOI ¼ 0.1 for 2 h. Subsequently, cells were washed with 1 Â PBS (phosphate-buffered saline). Dulbecco's modified Eagle's medium with 10% fetal calf serum was then added and cells were incubated until harvesting at various time points after infection ranging from 6 to 96 h postinfection. After three freeze-thaw cycles, virus was quantified by plaque titering on CV-1 cells as described previously. 25, 26 In vitro cytotoxicity assays The viability of cells infected with various amounts of vvDD or vvDD-CD alone or in combination with 5-FC was assessed using an MTS assay as per the manufacturer's protocol (Promega Corp, Madison, WI). Briefly, 5.0 Â 10 3 cells were plated in triplicate in 96-well flat bottom tissue culture plates (Costar, Corning, NY) overnight. Varying amounts of virus was then added to the cells followed by incubation for 6, 18, 24, 48 and 72 h at 37 1C. Subsequently, the dye solution was added to each well and allowed to incubate for another 0.5-4 h at 37 1C. The optical absorbance of the samples was then read at the wavelength of 490 nm.
Mice
Female athymic nude mice and immunocompetent C57BL/6 mice 5-6 weeks old were obtained from the Taconic Corporation (Germantown, NY). They were housed in standard conditions and given food and water ad libitum. All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pittsburgh.
Biodistribution of the viruses in mice C57BL/6 mice (female; 6-7 weeks old) were injected intraperitoneally (i.p.) with 7.5 Â 10 6 MOSEC cancer cells in 0.5 ml Hank's buffered salt solution (HBSS). At 15 days after injection of MOSEC cells, the mice were injected i.p. with 1.0 Â 10 8 PFU of vvDD-CD in 0.5 ml HBSS. At various time points after viral administration (4, 8 and 12 days), mice were killed and whole sections of brain, liver, spleen, lung, ovary and tumor were taken and homogenized in HBSS and kept at À70 1C until use. Dilutions of the homogenate were incubated on CV-1 cells in six-well plates at 37 1C in 5% CO 2 , and titers were determined as described previously. Viral titers were standardized to total protein. Data are expressed as PFU virus per mg total protein.
Xenograft model of human ovarian carcinomatosis
In the xenograft model of ovarian carcinomatosis, nude mice were injected i.p. with 1.0 Â 10 6 A2780 ovarian cancer cells suspended in 100 ml of PBS. Mice were then treated with 1.0 Â 10 8 PFU of vvDD suspended in 500 ml of PBS (n ¼ 10) either immediately after or 10 days following tumor cell injection. Mice in the early treatment group were euthanized at 41 days when the majority of control animals had met IACUC criteria for euthanasia. Animals were necropsied and examined for the presence of peritoneal carcinomatosis. The incidence of tumor formation between groups was compared using the w 2 test. Survival data for the delayed treatment group was plotted using the method of Kaplan-Meier with results compared using log-rank test.
Immunocompetent model of ovarian carcinomatosis
Immunocompetent C57BL/6 mice were injected i.p. with 7.5 Â 10 6 MOSEC cells suspended in 500 ml of PBS. Mice were then treated either immediately or at 30 days following tumor cell inoculation with 1.0 Â 10 9 PFU vvDD-CD suspended in 500 ml PBS (n ¼ 10) or PBS alone (n ¼ 10) and monitored for survival. Survival data were then plotted on a Kaplan-Meier curve with results compared using log-rank test.
In a separate study, tumor-bearing C57BL/6 mice (n ¼ 10) were treated with vvDD-CD on day 30 following MOSEC cell inoculation were given i.p. injections of 5-FC (Sigma, St Louis, MO) at a concentration of 1180 kg/mg/ day for 10 days following treatment with 1.0 Â 10 9 PFU of vvDD-CD i.p. Additional groups of mice (n ¼ 10) were treated with vvDD-CD only, 5-FC only or vehicle (PBS). Animals were followed for survival, and the results plotted on a Kaplan-Meier curve.
Statistical analysis
Survival analysis was performed using the method of Kaplan-Meier and differences between curves were assessed using the log-rank test. P-values of o0.05 were considered statistically significant in all analyses.
Results
Construction of vvDD-CD
We have previously demonstrated that vvDD, a recombinant VV deleted in viral genes encoding TK and VGF, is a highly tumor-selective replicating oncolytic virus and is effective in a murine colon cancer model. 25 Our goal was to enhance the oncolytic potency of the virus by arming it with an efficient and safe suicide gene/prodrug system. We selected yeast CD/5-FC based on the superior properties of yeast CD/5-FC combination. 37 Therefore, we constructed a new vvDD derivative armed with the yeast gene fcy1 encoding CD. The virus containing deletion of dual viral genes of tk and vgf and insertion of the expression cassette for the yeast fcy1 in the tk locus is designated vvDD-CD (Figure 1a ). The main difference between vvDD and vvDD-CD is that the gene encoding EGFP in vvDD is replaced with the yeast fcy1 gene encoding CD in the new virus vvDD-CD. The structure of the new virus has been confirmed by both PCR assays and DNA sequencing of the tk and vgf loci. The expression of functional CD enzyme in vvDD-CD-infected cancer cells was demonstrated (Figure 1b) . Only MOSEC cancer cells infected with vvDD-CD, but not mock-infected cells or cells infected with a control virus (vvDD), expressed CD enzymatic activity. The CD enzymatic activity was viral dose-dependent.
The virus vvDD-CD replicates efficiently in ovarian cancer cells but poorly in human normal cells Previously, we have shown that vvDD retains full potency to replicate in cancer cells in vitro and in MC38 colon cancer in vivo. However, vvDD is attenuated in confluent NIH-3T3 cells due to lack of nucleotide TTP from nondividing cells. 25 In this study, we examined vvDD-CD viral replication in both human (A2780, OVCAR-3 and IGROV-1) and murine MC38 cancer cells (Figure 2a ). Viral recovery peaked at 36 h in all four cancer cell lines under these conditions. We then compared vvDD-CD with its parental virus vvDD for replication in murine MOSEC ovarian cancer cells. The two viruses replicated with similar kinetics and displayed comparable total high viral yields (Figure 2b ). In contrast, both viruses replicated poorly in human primary fibroblast MRC-5 cells, with yields 3-4 log lower than those from cancer cells (Figure 2c) . Together, these results showed that addition of the CD gene to the virus did not change the tumor-targeting ability of the virus, and that vvDD-CD can replicate at high efficiency in both human and murine ovarian cancer cells in vitro. These results demonstrated viral dose-and timedependent cell cytotoxicity in human and murine ovarian cancer cells. At low viral doses (below an MOI of 0.5), the addition of 5-FC to the medium enhanced the cytotoxicity of the virus to the cancer cells. However, due to the fact that VV is a very rapidly growing and efficient virus, its oncolytic potency by itself is quite high. As a result, any additive or synergistic effects with 5-FC are less 
Viral pathogenecity and biodistribution in mice
The pathogenecity and biodistribution of VV in naive and tumor-bearing nude mice were investigated. We have previously addressed this with vvDD in immunodeficient mice only. 25 In this study, for the first time we are examining the biodistribution of an oncolytic VV in tumor-bearing immunocompetent mice. The tissue biodistribution of vvDD-CD in tumor-bearing mice was examined utilizing MOSEC-tumor-bearing C57BL/6 mice injected i.p. with 1.0 Â 10 8 PFU of vvDD-CD at day 15 following tumor cell inoculation. At 4, 8 and 15 days after virus injection, mice were killed, samples of normal tissues and tumor were harvested, and infectious viruses were titered on CV-1 cells, with viral yield (PFU/mg) calculated based on protein levels in tissue samples (Figure 4) . Remarkably, vvDD-CD was recovered only from tumor and ovarian tissues at high levels on day 4, but not detectable in any other normal tissues including brain, liver, spleen and lung. No virus was recovered from any tissues on days 8 and 16. We wondered if the virus would replicate in other normal tissues. Thus, we have performed biodistribution assays with intravenous injection of 1.0 Â 10 8 PFU of vvDD-CD in naive C57BL/6 mice. Tissues were harvested on day 5, and the presence of viruses in tissues was examined by plaque assay on CV-1 cells. No virus was detected in any of the normal tissues we have examined, including brain, blood, bone marrow, testis (male), small intestine, spleen, liver and muscle (data not show). We were initially surprised by the lack of viral recovery from bone marrow. However, in a previous study, we did not recover any virus after intravenous delivery of 1.0 Â 10 8 PFU vvDD in immunocompetent Rhesus macques, 28 even though we recovered 5.0 Â 10 2 PFU/mg protein in bone marrow cells in immunodeficient mice. 25 In summary, we showed that vvDD-CD was highly tumor-targeted in naı¨ve immunocompetent mice. It may be that the innate and adaptive immunity of the host restricts VV replication in normal tissues, thus further enhancing its tumor specificity.
Therapeutic effects on ovarian carcinomatosis models
The effect of the vvDD-CD virus on both human and mouse ovarian carcinomatosis models was examined. In a xenograft model, nude mice with either incipient or established peritoneal carcinomatosis of A2780 human ovarian tumor cells were treated with vehicle alone (saline) or with 1.0 Â 10 8 PFU of vvDD i.p. Initially, we conducted a pilot experiment in which vvDD was administered immediately following tumor cell inoculation. At the time of killing on day 50, 9 out of the 15 animals in the control group developed tumor, whereas only 2 of the 15 treated nude mice developed visible evidence of disease. The median tumor weight in the control group was 54 mg compared with 0 mg in the vvDD-treated group (data not shown). This preliminary experiment suggested that this tumor-selective virus may be efficacious for ovarian cancer. Next, we carefully evaluated the efficacy and safety of the oncolytic VV in a delayed treatment model. Nude mice treated with 1.0 Â 10 8 PFU of vvDD (n ¼ 10) on day 10 following tumor cell inoculation had a significantly better survival (Po0.0002) when compared with PBS-treated controls (n ¼ 10; Figure 5a) . Grossly, untreated mice demonstrated significant abdominal tumors as compared with treated Oncolytic virotherapy for ovarian cancer S Chalikonda et al mice (Figure 5b) . Although all control (untreated) mice died by day 79 following tumor inoculation, 70% of the animals in the treated group survived until completion of the experiment (120 days post-tumor cell inoculation). Necropsies performed at day 120 indicated that none of the surviving animals (7/10) in the vvDD treatment group displayed any gross evidence of tumor formation.
In human patients, ovarian cancer tends to present in late stages due to its asymptomatic presentation until peritoneal metastases have occurred. Current therapy Oncolytic virotherapy for ovarian cancer S Chalikonda et al includes tumor debulking followed by intraperitoneal chemotherapy. 2, 3 We wished to simulate treatment of the peritoneal cavity after debulking to prove that instillation of vaccinia at the time of surgery could prevent the formation of caricinomatosis by eradicating free tumor cells. Therefore, we have designed an early treatment mode in the MOSEC ovarian carcinomatosis model that would mimic the situation in human cancer patients. The MOSEC cancer line, derived from a C57BL/6 mouse, leads to a highly malignant neoplasm containing both carcinomatous and sarcomatous components as well as production of hemorrhagic ascitic fluid following intraperitoneal inoculation. These characteristics make this model particularly attractive as it mimics the disease seen in women with late-stage ovarian cancer. 38 Thus, we performed experiments utilizing this murine ovarian carcinomatosis model in syngeneic C57BL/6 mice ( Figure 6 ). The MOSEC tumor-bearing C57BL/6 mice treated with vvDD-CD (1.0 Â 10 9 PFU/mouse) on the day of tumor cell inoculation displayed a highly significant survival advantage compared with controls (Po1.0 Â 10eÀ6) (Figure 6a) . In a delayed treatment model, viral treatment was not performed until day 30 following inoculation of MOSEC cells to allow for establishment of this slow-growing tumor in vivo. This delayed mode of vvDD-CD treatment also resulted in a significantly improved survival when compared with untreated controls (Po0.000008). Despite the delay in treatment, 70% virus-treated mice were alive at day 100, whereas all control mice had died by day 86. One vvDD-CD-treated mouse survived for greater than 200 days and displayed no signs of disease at the time of killing (210 days) (Figure 6b ). In this case, the dramatic difference in appearance of the mice between control and treated group is evident (Figure 6c ).
VV-mediated oncolysis is further enhanced by GDEPT with 5-FC treatment
The virus vvDD-CD expresses the potent yeast enzyme cytosine deaminase from a strong viral promoter. The CD enzyme converts nontoxic prodrug 5-FC to a cytotoxic drug 5-FU in virus-infected cancer cells. One of the major advantages of a suicide gene therapy is the bystander effect. We have shown earlier in this study that the virus produced a functional CD enzyme (Figure 1b) and that the addition of 5-FC to the medium enhanced the cytotoxicity of the virus in infected cancer cells in vitro (Figure 3c ). To investigate whether the two therapeutic modalities could be combined for better efficacy, MOSEC tumor-bearing mice were treated with vvDD-CD (1.0 Â 10 9 PFU/mouse) on day 30 and then followed by 5-FC administration for 10 days. Identical control groups Oncolytic virotherapy for ovarian cancer S Chalikonda et al of tumor-bearing mice were treated with either vehicle (HBSS), 5-FC alone or vvDD-CD alone. All animals were monitored for survival, and the resulting data were analyzed by log-rank test. These data presented in Figure 7 clearly reveal that dual therapy conferred a further improvement in survival compared with the vvDD-CD montherapy (Po0.0075). As expected, vvDD-CD monotherapy showed a significant inhibitory effect on 
Discussion
In this work, we have studied the highly tumor-selective oncolytic vvDD derivative armed with GDEPT for treating advanced ovarian cancer of both human and mouse origins in murine models. The selectivity of vvDD for both tumor and ovary prompted our investigation of this virus for the treatment of ovarian tumors. Indeed, we have shown that vvDD-CD is highly targeted and selectively replicated in both tumor and ovarian tissue after intraperitoneal regional delivery. Our previous results with vvDD in nude mice showed that about 5 Â 10 2 PFU/mg of virus was recovered from bone marrow, whereas new results with vvDD-CD showed no viral recovery from bone marrow in immunocompetent mice. Our toxicity study in monkeys recovered no vvDD virus from bone marrow after systemic delivery. 28 Together, these data suggest that host innate and adaptive immunity against the virus helps in the clearance of the virus in normal tissue, thus further enhancing the tumortargeting index of the virus.
This oncolytic virus is efficacious in treating both human and murine ovarian tumor models. In the first treatment mode, we wanted to simulate treatment of the peritoneal cavity after debulking to prove that instillation of vaccinia at the time of surgery could prevent the formation of caricinomatosis by eradicating free tumor cells. We obtained excellent results in a syngeneic MOSEC model in C57BL/6 mice with oncolytic virotherapy in early treatment mode. In the late treatment mode, we have also observed excellent oncolytic effect from the virus, and additional survival advantage was demonstrated with combination therapy utilizing the prodrug 5-FC. vvDD-CD was also shown to be efficacious in the A2780 human ovarian carcinomatosis model.
The combination of oncolytic virus and suicide gene therapy has been an attractive strategy. 7, 30 Addition of a suicide gene will allow more diffuse tumor cell killing based on a bystander effect, either directly or through cytokine cascade in vivo. 42, 43 vvDD-CD displayed high infectivity and significant cytotoxicity to cancer cells both in vitro and in vivo. Addition of 5-FC to cancer cell cultures demonstrated efficient CD enzyme expression and high efficiency conversion of 5-FC into 5-FU. In the MOSEC ovarian carcinomatosis model, the animals treated with vvDD-CD, but no 5-FC, had significantly less tumor burden and a significant increase in survival. The dual therapy further enhanced survival. We have observed a modest synergistic effect of oncolytic virus and GDEPT in the MOSEC carcinomatosis model, perhaps less than would have been expected. This may result from a number of reasons. First, the most predominant feature of the MOSEC model in our hands is the formation of large quantities of ascites in the intraperitoneal cavity in syngeneic mice. At the time of virus administration (30 days after tumor cell inoculation) and prodrug treatment, the tumor cells are likely widely distributed in the cavity, thus making it more difficult to obtain bystander effects. Secondly, unlike adenovirus, oncolytic VV replicates extremely quickly with the entire life cycle complete in 6 h; the progeny virus are then available to infect neighboring cancer cells. With such rapid kinetics, the virus itself functionally overlaps with the CD/5-FC prodrug system to kill the neighboring tumor cells. Even though there are many excellent GDEPT systems developed and available, 7, 30 it is hard for us to imagine that any GDEPT system would provide exceptional synergism within the context of an oncolytic VV. Third, it is very possible that administration of 5-FC inhibited the replication of vvDD-CD, thus reducing the antitumoral cytotoxicity induced by the oncolytic virus itself. Our previous experience with a VV expressing bacterial CD indicated that 5-FC inhibited VV replication. It is ideal to engineer a system so that the oncolytic virus and prodrug therapy would work synergistically. Some studies have shown that combined virus/prodrug treatment may enhance the replication/spread of oncolytic adenoviruses in mouse tumor models. 32, 33 A recent study indicated that 5-FU potentiated herpes simplex virus cytotoxic effects primarily through increasing viral replication by 19-fold. 44 While our manuscript was in preparation, a relevant study on utilizing VV for controlling ovarian cancer models in mice was published. The study by Hung et al. 45 has applied a wild-type and a tk gene-deleted VV and showed good efficacy for treating the tumor models. Our current work has three significant improvements over the other study. First, our oncolytic vvDD-CD is a genetically engineered tumor-targeting virus, with significantly increased tumor selectivity and thus enhanced safety. Second, vvDD-CD treatment on a well-established syngeneic tumor model in immunocompetent mice 30 days after tumor cell incubation has proven to be effective in our study. This treatment modality closely mimics those of cancer patients who present with advanced stage ovarian cancer, and is perhaps more clinically relevant and could be translated into clinical applications. Third, we have used an oncolytic virus armed with a superior suicide gene, the yeast cytosine deaminase gene, thus combining the oncolytic effects of the tumor-selective virus with GDEPT for this type of cancer. We demonstrate that the combination therapy is better than the monotherapy alone. On the basis of the results of the present study and those of Hung et al., 45 we feel that vaccinia, due to its favorable attributes and proven safety profile, will prove to be an effective agent in the treatment of ovarian carcinomatosis. In the future, we may explore the incorporation of immunotherapy components into this VV for triple modality therapy of cancer.
